(E) Localization of the centromeres in mis6-302 cultured at 36ЊC for 6 hr by FISH (probed with the otr sequence; Funabiki et al., 1993) . The same cells stained by DAPI and anti-SPB antibody are also shown with superimposed images. (SPB), anti-sad1 antibody (Hagan and Yanagida, 1995) . The bar indicates 10 m. (F and G) mis6-302 cells in the G1 phase were obtained by nitrogen-deficient EMM2-N. They were cultured in the nitrogen-containing EMM2 at 36ЊC for 12 hr. Cell viability ([F] , top) and cell number ([F] , bottom) were measured. To estimate the DNA contents, FACS analyses were done for cells cultured in the EMM2 medium at 36ЊC at 1 hr intervals (G).
which are unstable, form the ladder-like digestion pat-36ЊC (Takahashi et al., 1994) was low in the first mitosis but greatly increased in the second (BA [cells containing terns of chromatin rather than the smear pattern. Unstable minichromosomes containing the truncated inner divided nuclei of abnormal size], solid line in Figure 1C , was approximately 30%). The frequency of BN (cells centromere sequences also showed the regular ladders when probed with cnt and imr. This specialized chromacontaining divided nuclei of apparently normal size) decreased in the second mitosis. DAPI staining of mis6-tin thus is present only in the functional centromeres and therefore is speculated to be essential for centromere 302 mutant cells hence displayed a high frequency of cells containing nuclear chromatin of variable sizes (Figfunction. It is of considerable interest to identify a protein that specifically binds to the central regions.
ure 1D). The "streaked" or "extended" types of mitotic chromosomes were not observed in mis6-302, while To search for such proteins, one approach would be to identify those that directly bind to the inner centromeric such structures were abundant in mutants defective in DNA topoisomerase II (Uemura et al., 1987) or Cut1 and sequences. Another approach would be genetical, for instance, identifying mutants impaired in functions of Cut2 (Uzawa et al., 1990) . Hypercondensed chromosomes in mitotically arrested cells (Hiraoka et al., 1984 ; the inner centromere regions. Swi6 protein was identified to be a centromere protein, as its mutation affects Hirano et al., 1988; Fankhauser et al., 1993; Nabeshima et al., 1995) also were not observed in mis6-302, sugthe nature of transcriptional silencing in the centromeres (Ekwall et al., 1995) . Chromosomes are lost at high rates gesting that mitotic progression was not significantly delayed. Timing of septation was identical to that of wild in the swi6 mutant. However, Swi6 is not a specific centromere protein, but is instead necessary for forming type. In mis6-302, sister chromatids were thus separated, but the high-fidelity mechanism for equal segresilent heterochromatin-like domains; Swi6, in fact, also locates at telomeres and the mating type locus. gation appeared to be greatly impaired. We have taken the approach of identifying genes essential for correct sister chromatid separation, using a
Centromere Positioning Disordered in mis6
The FISH method previously employed established the collection of temperature-sensitive mutants that carry a minichromosome (Takahashi et al., 1994) . Mutants that missegregation phenotype of regular chromosomes in mis6-302, using rDNA as the probe for chromosome lose the minichromosome at the permissive or semipermissive temperature were isolated by the colony III (Takahashi et al., 1994) . Quantitative measurements suggested that sister chromatids were randomly segrecolor assay method (Spencer et al., 1990 ) and designated mis (minichromosome instability). Twelve mis mugated into the daughter nuclei. In the present study, the centromere repetitive DNA, otr, was used as the FISH tants were thus identified. Two of these, mis6-302 and mis12-537, which caused missegregation of regular probe (pRS140; Chikashige et al., 1989) . Six examples of mis6-302 cells after 6 hr at 36ЊC are shown in Figure  chromosomes , attracted our attention. In these mutants, most mitotic events were apparently normal, except for 1E (wild-type control in Figure 4B ). Each of them displays the images by cenFISH, anti-SPB antibody, and DAPI the equal segregation of sister chromatids. In the present paper, we show that the gene product of mis6 ϩ is staining, and the superimposed images. Two mis6 cells in the top panel of Figure 1E were in indeed localized in the inner regions of the centromeres.
interphase as the nuclei contained a single SPB, but their centromere signals were abnormally scattered. This was Results in sharp contrast to the wild-type interphase control (Figure 4B, top) , in which the centromeres were tightly Second Mitosis Is Unequal in Synchronous Culture of mis6 clustered at the SPB (Funabiki et al., 1993) . At 26ЊC, the centromere signals in mis6 were clustered in the Asynchronous culture of temperature-sensitive (ts) mis6-302 at 36ЊC shows strikingly unequal chromosome seginterphase (data not shown). In mitotic cells (middle and bottom left) that contained two SPBs, the centromere regation (Takahashi et al., 1994) . To determine which cell cycle stage is actually defective in the mutant, synsignals of mis6 mutant at 36ЊC were positioned along the spindle, but their positioning relative to DAPI-stained chronous culture of mis6-302 was performed at 36ЊC for 300 min, starting from small early G2 cells collected chromosomes was aberrant; the centromere signals and chromosomes appeared to be unequally separated (see from exponentially growing culture at 26ЊC by elutriation. Two cycles of cell division were analyzed ( Figure 1A , the merged figures). In wild-type cells, DAPI-stained chromosomes and centromere signals were separated top, and Figure 1B ). The first mitosis (100-120 min) proceeded normally with high cell viability, while the second in a highly symmetric fashion during anaphase ( Figure  4B , 2nd-5th panels; Funabiki et al., 1993) . In postana-(220-240 min) was defective, as cell viability dramatically decreased during this period ( Figure 1A, bottom) .
phase cells containing two nuclei with a single SPB (bottom, right), the centromere signals in the mutant The frequency of unequally divided nuclei typically observed in the asynchronous culture of mis6-302 at cells were abnormally scattered in the daughter nuclei.
(H) mis6-302 was initially cultured at 26ЊC in the presence of 15 mM hydroxyurea (HU) for 3.5 hr (one generation time) to arrest cells in the S phase, and then transferred to 36ЊC in the same HU-containing medium for 3 hr to inactivate the mutant Mis6 protein, followed by continued culture at 36ЊC in the absence of HU. , 1993) . These results demonstrated that the ability of integration of the cloned DNA sequence onto the chrothe centromeres to properly position in interphase and mosome with the marker gene, followed by tetrad analysegregate in mitosis was abolished in mis6-302 at 36ЊC.
sis. Nucleotide sequence of the 2.5 kb ClaI-SacI fragment in pKT219, which could suppress both the ts and mis phenotypes at 26ЊC, was determined ( Figure 2A) . A Passage of mis6 Mutant in G1/S Leads coding region for 672 amino acids (calculated MW, 78.5 to Missegregation in Mitosis kDa) was obtained ( Figure 2B ). The predicted protein is The above results prompted us to address the question basic (pI, 9.42) and relatively rich (46%) in hydrophobic of whether these phenotypes were produced in the first acids. A weak but significant similarity was found bemitosis if mis6-302 was initially arrested in G1 at 26ЊC tween Mis6 and human and Norway rat LRPR1 regulated and then shifted to 36ЊC. The phenotype might be proby follicle-stimulating hormone (27% identity in 361 aa duced only after mutant cells had passed the G1/S overlap, Figure 2B ). Positions of basic and hydrophobic phase at 36ЊC. Therefore, mis6-302 was first nitrogen amino acids are well conserved. However, the function starved for the entry into G1 (at 26ЊC for 12 hr) and then of this early response protein is unknown. transferred to 36ЊC in the nitrogen-containing medium Integration rescue was done to determine the muta-( Figure 1F ). S. pombe cells are known to enter G1 under tion site, and the N-terminal 0.9 kb ClaI-PvuII fragment nitrogen starvation, and to resume cell cycle again if the was found to rescue mis6-302. The mutant mis6 gene nitrogen source (NH4Cl) is added to the medium. mis6-was then isolated, and the corresponding N region was 302 displayed unequal nuclear division (a rise in the sequenced. The mutation site was identified at position frequency of BA) and lost viability in the first mitosis at 135 (from G to E, underlined in Figure 2B ). The mutated 6 hr ( Figure 1F ). Replication occurred around the 3 hr G is also conserved in LRPR1. time point (timing identical to wild type), while cells were viable. The DNA contents estimated by FACScan revealed very broad distributions of chromosomal DNA Mis6 Is Essential for Viability contents after the defective first mitosis at 36ЊC ( (Grimm et al., 1988) was used as the marker of the progression of G1/S phase, and its defect during gene disruption. Heterozygous diploids thus made were G1/S may lead to unequal sister chromatid segregation sporulated and dissected by tetrads. Only two spores in the following mitosis.
were viable at both 26ЊC and 33ЊC, and all of the viable The question was raised whether the above phenospores were Ura Ϫ , demonstrating that the mis6 ϩ gene type was produced by a long period of protein inactivawas absolutely essential for viability. The gene disruption at 36ЊC before mitosis and not by the failure of tion phenotype was examined by observing germinated action during the G1/S progression. To examine this cells from spores at 33ЊC in the absence of uracil (only possibility, mis6-302 was initially cultured at 26ЊC for disrupted spores could germinate). Germinated cells in 3.5 hr in rich medium containing 15 mM hydroxyurea the liquid medium were collected at 2 hr intervals and observed after DAPI staining. Cells with the missegrega-(HU, an inhibitor of ribonucleotide reductase, which tion phenotype identical to mis6-302 increased and beblocks cells in the S phase), and then transferred to 36ЊC came numerous (90%) after 14-20 hr (data not shown). in the same HU-containing medium for 3 hr, followed by
The loss of the mis6 ϩ gene function hence results in the the removal of HU and continued culture at 36ЊC (Figure unequal segregation of chromosomes. 1H). Under this condition, Mis6 mutant protein was sufficiently treated for inactivation at 36ЊC in S phasearrested cells before HU was taken out (Ϫ3-0 hr in Figure  Mis6 Is Localized at the Centromeres 1H). It was found that mis6 mutant cells showed normal Mis6 was immunochemically identified in S. pombe exsister chromatid separation without the loss of viability tracts by tagging the hemagglutinin antigen (HA) to the in the first mitosis (1 hr after the release from HU, indi-C terminus of mis6 ϩ and was integrated onto the chrocated by the [1st M]), whereas a high frequency of unmosome with the native promoter. The tagged mis6 ϩ equal segregation phenotype (about 50% of binucleate gene is functional as plasmid pMH601 carrying mis6-cells) was produced in the second mitosis (3 hr after HA complemented mis6-302. Immunoblot of extracts the release, [2nd M]) accompanied by a loss of viability.
from the integrant cells using anti-HA antibody showed These results showed that mis6 mutant cells displayed the 67 kDa band, the intensity of which increased in unequal mitosis when they had passed the G1 phase extracts of the wild-type cells carrying plasmid pMH601 with inactivated Mis6 protein. If inactivation occurred in ( Figure 3A) . The band was absent in wild type carrying G2 or in S, the subsequent mitosis was normal. the vector plasmid (not shown). By measuring the band Mis6 normally appears to act before or at the onset intensities produced by the integrated single-copy HAof S phase. The passage of G1/S at 36ЊC itself was not tagged mis6 ϩ and cut2 ϩ (Funabiki et al., 1996) , the level a lethal event, as mis6 mutant cells were still viable in of Mis6 protein was estimated to be approximately one G1/S to G2 and their viability decreased upon the entry fourth of Cut2 in G2; there were roughly 2000 copies of Mis6 per cell. into mitosis (Figures 1A and 1F) . To identify intracellular localization of the mis6 ϩ gene was functional as multicopy plasmid pMG601 carrying GFP-tagged mis6 ϩ was able to fully suppress the phenoproduct, the jellyfish green fluorescent protein (GFP; Chalfie et al., 1994) was tagged to the C terminus, and type of mis6-302. Intracellular localization of GFP-Mis6 produced by pMG601 was observed by fluorescence the fused mis6-GFP gene was expressed. Mis6-GFP microscopy in combination with DAPI staining. The in mitotically arrested tubulin mutant (nda3-311) cells ( Figure 3D ). In this case, the mis6-GFP gene was inteMis6-GFP signals were observed as a bright dot on the periphery of nuclear DNA ( Figure 3B) . grated onto the chromosome. Each Mis6-GFP signal was observed in condensed chromosomes. Two sepaTo determine localizations relative to the spindle, cells expressing GFP-Mis6 were fixed and stained by antirate signals were never seen in any of the condensed chromosomes of nda3-311. tubulin antibody ( Figure 3C ). Because of fixation, background noise was high but the dot-like signals of Mis6-GFP could be recognized. In interphase cells, a single
Centromere Behavior Is Visualized in Living Cells by Mis6-GFP perinuclear dot was seen (leftmost bottom), while in early M phase (second) to the metaphase (third), dots A confocal microscope attached to a photo-multiple tube (PMT) was used to monitor the behavior of Mis6-were seen on the spindle. These dots appeared to be separated in anaphase A (fifth), and in anaphase B (sixth) GFP in individual living cells during the cell cycle ( Figure  4A ). The single mis6-GFP gene was integrated onto the were at the spindle ends. These results indicated that location of the GFP-Mis6 signals was identical to the chromosome, and the signal could be detected in vivo.
The procedure of taking time-lapse images in living cells centromeres (Funabiki et al., 1993) .
Localization of GFP-Mis6 signals was also examined is described in the Experimental Procedures. Each GFP abruptly around 17.5 min, and they were completely separated at 20.5 min. The stage corresponding to anaphase A seemed to be very short and was followed by anaphase B movement toward the ends of the cells ‫1ف(‬ m/min). The series of movements resembled the behavior of the centromere DNA in fixed cells ( Figure  4B ; Funabiki et al., 1993) or living cells (Nabeshima et al., unpublished data).
Smeared Nuclease Pattern Is Abolished in Centromere Chromatin of mis6
When nuclear chromatin of S. pombe was digested with micrococcal nuclease, the probes of inner centromere DNAs failed to produce the long-range regular nucleosome ladders (Polizzi and Clarke, 1991; Takahashi et al., 1992) . We examined whether the smear pattern was maintained in the inner centromeres of mis6-302 ( Figure  5A ). We used the three centromere probes derived from the cen1, namely, otr1 (the outer repeat; pYC148 containing a portion of dg), imr1 (innermost repeat; pKT108), and cnt1 (most inner central sequence; pKT110) for hybridization after micrococcal digestion of whole nuclear chromatin. Two strains, mutant mis6-302 and control mis6 ϩ integrant (mis6-302 integrated with the mis6 ϩ gene), were cultured at 36ЊC for 6 hr. Nuclear chromatin was prepared, digested with micrococcal nuclease, and hybridized with the three probes ( Figure 5A ). Smear patterns were obtained for the mis6 ϩ integrant by the inner centromere probes pKT108 and pKT110, whereas regular ladders were obtained by the outer centromere probe pYC148 ( Figure 5A , right panels). The wild type showed identical results (see Figure 5B ). Note that, though smeared, there are definitively discrete bands corresponding to mono-, di-and tri-nucleosomes for the inner centromere chromatin. Nucleosomes appear to exist in the inner centromeres, but the regular arrays giving highly ordered ladders are apt to be disrupted. The cnt probe pKT110 showed a pattern more smeared than that by the imr probe pKT108, suggesting that chromatin in the middle of the centromere was phenotype of mis6 mutant with severe minichromosome loss was produced at 26ЊC (Takahashi et al., 1994) . A partial disruption of the smear pattern in mis6 mutant image was taken at a 0.5 min interval, and a series of at 26ЊC might be the cause of minichromosome instabilsuch images for a single cell is presented. The GFP ity. By prolonged culture at 36ЊC for 6 hr, higher-order signals were initially clustered (0-2 min), perhaps at the ladders became prominent in mis6. Little difference was SPB. The signals were then split into two or three dots found in the outer centromere patterns probed with otr1 (after 3 min), possibly initiating spindle formation. The at 26ЊC and 36ЊC (right panel, Figure 5B ). GFP signals remained within a limited linear path, but moved forth and back between 10 and 17.5 min within Mis6 Is Bound to the Innermost Centromere this short path. This stage was probably metaphase.
To identify the centromere regions to which Mis6 was bound, the formaldehyde fixation method was employed Separation of the GFP signals toward the ends occurred ϩ integrant (wild-type equivalent; see text) cultured at 36ЊC for 6 hr. They were digested with micrococcal nuclease for 0, 1, 2, 4, and 8 min, followed by agarose gel electrophoresis and Southern hybridization using the three DNA probes, otr1, imr1, and cnt1 (see the cartoon for localization of the probes in the cen1). (B) Micrococcal nuclease digestion patterns for chromatin in mis6-302 cultured at 26ЊC and then at 36ЊC for 3 and 6 hr are shown. Probes used are cnt1 (left panel) and otr1 (right). The wild-type control after 6 hr at 36ЊC is also shown. (Orlando and Paro, 1993; Hecht et al., 1996) . Cells conotr2 (a portion in dhII, short vertical lines in Figure 6A ) existed in the genome (Takahashi et al., 1992) , as neither taining HA-tagged Mis6 were fixed with 1% formaldehyde and then broken by sonication (the average length cen1 nor cen3 had this sequence. Other primer sequences were either unique or repeated twice. Roughly of DNA, ‫008ف‬ bp) and immunoprecipitated with anti-HA antibody. Precipitates were digested with protease K at equal amounts of the PCR products were made using these primers and genomic DNAs derived from a strain 37ЊC and heat treated (65ЊC, 6 hr), followed by phenol extraction of DNA coprecipitated with Mis6. The copreintegrated with the mis6HA gene or the wild-type 972 ( Figure 6 , lanes 4 and 5, respectively). Extracts of the cipitated DNAs were amplified by the PCR method using different primers. strains were then immunoprecipitated by anti-HA antibody bound to the beads, followed by PCR amplification Four types of primers, imr1, cnt1, otr2 (dhII), and lys1, derived from the centromere or an adjacent region (Fig- of the precipitated DNAs using the four primers (lanes  1 and 3) . Beads alone without antibody used as control ure 6A; Takahashi et al., 1992) were used for PCR amplification. Only three copies of the primer sequence for did not produce any PCR DNA (lane 2), nor did the delayed in cut9 mutant cells, so condensed chromosomes are visualized along the short metaphase spindle at 36ЊC. Single cut9 mutant cells were initially cultured at 26ЊC under nitrogen starvation for 12 hr (cells entered G1), and then shifted to 36ЊC in nitrogen-containing medium for 8 hr. Cells were arrested at metaphase, and the centromeres visualized by the FISH method probed with otr (Funabiki et al., 1993) were tightly clustered in the middle of the spindle (Figure 7) . To examine localizations of the centromeres in mis6-defective cells at metaphase, the double mutant mis6 cut9 made by crossing was cultured as described above. The double mutant cells were arrested, showing condensed chromosomes. Positions of the centromeres relative to the spindle were determined by the FISH method. The double mutant cells revealed a scattering of the centromere signals ( Figure 7 , mis6 cut9) in most (more than 90%) cells examined. DAPI-stained condensed chromosomes were also spread in most cells. Superimposed images of DAPI and FISH showed that either one or two centromere signals were present in each condensed chromosome; approximately 50% of cells showed two signals for each chromosome. These results demonstrated that the centromeres did not cluster on the metaphase spindle and that the sister centro- We show in this study that S. pombe Mis6 plays a crucial role in the fidelity of chromosome segregation by affectprecipitates from the wild type. The combination of ing higher-order chromatin structure in the innermost mis6-HA extracts and anti-HA antibody could produce centromere regions. Mis6 protein is essential for viabilthe PCR products (lane 1) only when the primers of cnt1 ity. Both ts and gene disruption mutants abolish equal and imr1 were used, but not those of otr2 or lys1 (lane segregation of chromosomes in mitosis. mis6-302 mu-1). Mis6HA was hence directly or indirectly bound to tant is unique among many others defective in chromoDNAs that contained the imr1 and cnt1 sequences. The some segregation, as its passage in G1/S causes draother otr1 sequence also did not produce any PCR prodmatic unequal segregation in subsequent mitosis. Mis6 uct (data not shown). Other control PCR experiments appears to act before or at the onset of the S phase. showed that Mis6 protein did not coprecipitate with Mis6 is the first specifically localized centromere prothe telomeres or the mating type locus gene (data not tein found in fission yeast. It is bound directly or indishown).
rectly to the inner centromere DNAs throughout the cell cycle. It affects the chromatin structure within the inner centromeric region, perhaps the first example of a promis6 Mutation Causes Aberrant Centromere Positioning in Metaphase-Arrested Cells tein that alters the nucleosomal pattern within the centromere to form a structure that is correlated with proper We speculate from the above results that the centromeres in mis6 mutant lost correct positioning in metasegregation of chromosomes. No protein similar to Mis6 is present in the genome of budding yeast. This is not phase due to the disruption of specialized chromatin structure in the inner centromeres. The positioning of surprising as the centromeres of S. cerevisiae are very small and do not have any sequence similarity to the centromeres in the absence of mis6 ϩ function was examined in metaphase-arrested mutant cells. The cut9 ϩ inner centromere DNAs of S. pombe. The amount of Mis6 (equivalent to two molecules per 100 bp of inner gene (Samejima and Yanagida, 1994) encodes an essential protein for the 20S APC (anaphase promoting comcentromere DNA) would be sufficient to form a specific higher-order chromatin structure in the bound regions. plex)/cyclosome required for destruction of cyclin and Cut2 proteolysis (Funabiki et al., 1996) . Sister chromatid
The specialized chromatin that existed only in the functional inner centromeres (Polizzi and Clarke, 1991;  separation is blocked and mitotic cyclin destruction is Single cut9 and double mis6 cut9 mutants were cultured in the rich medium at 36ЊC for 8 hr after nitrogen starvation at 26ЊC and were observed by FISH using the centromere probe (Funabiki et al., 1993) , anti-SPB antibody, and DAPI staining. Cartoons of the superimposed images are shown at right. Three condensed chromosomes were closely arranged in the metaphase-arrested cut9 mutant cells (Samejima and Yanagida, 1994) . The centromere FISH signals were tightly clustered. In the double mutant cells, condensed chromosomes are scattered, and the number of the centromere FISH signals ranges from three to six. The bar indicates 10 m. Takahashi et al., 1992 ) is thought to serve as an anchorfashion until the onset of anaphase. In the absence of Mis6 function, the connection is presumed to be premaing domain to the SPB in interphase and the sites of turely disrupted in metaphase. Kinetochore microtukinetochore microtubule attachment in mitosis. Artificial bules associated with the same pole may thus capture minichromosomes lacking the innermost centromere reboth sister kinetochores of one chromosome. This gions become highly unstable. Mis6 (or its interacting would cause frequent missegregation of chromosomes. protein) appears to be bound to the inner centromere Then, why is the passage of G1/S phase necessary DNA sequences only when they are in the functional for the function of Mis6? Mis6 may have to be modified centromeres. Mis6 may bind to the specific DNA configor interact with a protein synthesized only during G1/S uration formed by the inverted imr and the central cnt.
to be assembled into the centromere chromatin. AlternaInteraction of Mis6 (or its associated protein) with this tively, Mis6 may have to act on the centromere before DNA region leads to the formation of the specialized or at the onset of replication. A preliminary result of chromatin in the functional centromeres, which, in turn, sucrose gradient centrifugation showed that Mis6 forms gives smear micrococcal nuclease patterns. The Mis6-an oligomeric complex, so it is potentially regulated by containing chromatin structure is vital in understanding protein-protein interaction. We speculate that the inner equal segregation of chromosomes.
centromere forms a particular chromatin structure in How do the inner regions act to ensure equal sister G1/S by interacting with Mis6. Such chromatin made chromatid separation? One possibility is that the spein G1/S possibly serves to connect duplicated sister cialized inner centromere chromatin forms the basis for centromeres. the assembly of kinetochore proteins, and therefore norAn event essential for duplication of the functional mal kinetochore function may be lost in mis6-302. It is centromere may take place in G1/S. A budding yeast unlikely, however, that the attachment of kinetochore centromere protein Skp1 is implicated in the G1/S promicrotubules to chromosomes is severely impaired in gression (Bai et al., 1996; Connelly and Hieter, 1996) . mis6-302. Mutant sister chromatids moved to the poles One allele (skp1-3) arrests cells in G1, whereas another and did not remain in the middle of the elongating spin-(skp1-4) blocks cells in G2/M. The phenotype of skp1 dle. The kinetochore function appeared to exist in mis6-mutant cells is thus quite distinct from that of mis6 302, but equal separation of sister chromatids was mutants, which are not arrested in cell cycle. We pregreatly impaired. We propose that biorientation of the sume that Mis6 is not directly implicated in cell cycle centromeres is abolished in mis6-302. Results obtained control but possibly the target of cell cycle regulators from the double mutant mis6 cut9 are consistent with and acts on the centromere during G1/S, while Skp1 this hypothesis.
is required for cell cycle progression of G1 and G2/M Establishment of the biorientation of metaphase chrothrough the ubiquitin proteolysis machinery. The relamosomes is a crucial event in higher eukaryotic cells tionship between Mis6 and ubiquitin-dependent prote-(e.g., Rieder et al., 1995) , but its molecular basis is little olysis is unknown. understood. We assume that two sister kinetochore One of the major obstacles in studying mitosis has structures are made on the inner region of sister centrobeen an inability to analyze in vivo chromosome movemeres in the mis6 mutant, but that the mutant chromatin ments during the progression from metaphase to anastructures fail to produce bioriented centromeres. Sister phase under different genetical and physiological condicentromeres in the mitotically arrested cut9 mis6 cells tions. The in vivo contributions of mitotic kinesin motors, were found to be frequently dissociated and lost normal DNA topoisomerases, and other interesting molecules directionality. Mis6 may hence act as a "connector" or to chromosome movement have been only poorly understood due to the lack of a living system appropriate "glue" to keep the sister centromeres in a bioriented Formaldehyde Fixation of S. pombe Cells for detailed analyses. Although S. pombe has a large for Immunoprecipitation collection of mutants defective in sister chromatid sepaThe procedure described by Hecht et al. (1996) was followed with ration and its centromeres can be visualized by the FISH modifications. Cells in 100 ml YPD culture (1 ϫ 10
